INTRODUCTION {#S1}
============

Obesity and the associated metabolic syndromes have become increasingly prevalent. Such a trend represents a major public health issue that has greatly increased the interest in thermogenic fat cells such as brown and beige adipocytes. Beige adipocytes, similar to brown adipocytes, also express a high level of uncoupling protein 1 (UCP1) and can emerge within inguinal white adipose tissue (iWAT, a typical scWAT) in response to prolonged cold exposure or activation of β-adrenergic receptors ([@R10]; [@R47], [@R48]). The emergence of beige adipocytes in white fat depots is termed the "browning" of white fat ([@R10]; [@R48]). Brown and beige adipocytes contain large amounts of mitochondria and highly express *UCP1*, which uncouples respiration and dissipates chemical energy as heat, hence increasing energy expenditure and counteracting hypothermia, obesity, and diabetes ([@R2]). Recent studies have indicated that, contrary to previous findings, adult humans contain significant deposits of UCP1-positive brown/beige fat ([@R8]). These findings led to renewed interest in brown adipogenesis and its physiological role in adult humans.

The thermogenic program in mammals is under tight control of transcription factors and coactivators ([@R48]) via various signaling pathways. The p38/MAPK signaling pathway, downstream of β-adrenergic receptors and cyclic AMP (cAMP) activation, plays an essential role in BAT thermogenic response ([@R5]; [@R37]). Activation of the p38/MAPK pathway leads to the phosphorylation and activation of ATF2 ([@R5]), thus promoting transcription of downstream target genes such as *PGC1α*, *UCP1*, and *FGF21* ([@R37]). Conversely, repressors of p38/MAPK signaling such as Tob1, a tumor suppressor, silence the pathway under normal conditions ([@R16]; [@R40]). In addition to the transcriptional regulators, several secreted factors such as FGF21 and Irisin were also shown to promote the browning of subcutaneous white fat ([@R9]; [@R14]; [@R20]), demonstrating the crosstalk and trans-regulation among different metabolic organs.

Furthermore, microRNAs have been recently found to represent another crucial regulatory layer that interacts with transcriptional control mechanisms to regulate metabolic homeostasis ([@R41]). In particular, several miRNAs have recently emerged as important regulators of either brown or beige adipocyte differentiation and function ([@R7]; [@R17]; [@R25]; [@R32]; [@R39]; [@R42]; [@R49]). However, few studies have investigated the role of BAT-selective miRNAs in regulating thermogenesis via white fat browning.

Recently, bioinformatic analysis has been increasingly applied to the identification of regulators controlling adipogenic and thermogenic programs. Among various in silico approaches, one that is particularly powerful is the so-called super-enhancer association analysis. Super-enhancers are large genomic regions containing a high density of transcription factor binding, and they are associated with genes crucial for specifying cell identity and function ([@R13]; [@R46]). They can be defined by the occupancy of mediator and cell-type-specific transcription factors, as well as chromatin marks such as histone H3K27ac and H3K4me1 ([@R46]). Through the super-enhancer association analysis, we have recently identified RREB1 and PIM1 as important factors promoting brown adipogenesis ([@R4]), while KLF11 was previously identified as an essential regulator of human white fat browning ([@R28]).

In search for miRNAs important for BAT function, we utilized histone H3K27ac chromatin immunoprecipitation sequencing (ChIP-seq) data to define super-enhancers in various tissues and cell lines and subsequently identified 19 miRNAs associated with BAT-specific super-enhancers. miR-32 was the third hit on the list after miR-193b and miR-365, which have been identified previously ([@R39]). A recent study suggested that miR-32 is involved in lipid metabolism ([@R38]), but its role in regulating BAT function has not been explored. We found that miR-32 is significantly upregulated in BAT during cold exposure, which further promotes BAT thermogenesis and iWAT browning.

RESULTS {#S2}
=======

miR-32 Is Associated with a BAT-Specific Super-Enhancer and Is Upregulated during Cold Stress {#S3}
---------------------------------------------------------------------------------------------

As we hypothesized that miRNAs associated with BAT-specific super-enhancers may regulate BAT identity and function, we performed super-enhancer analysis on H3K27ac ChIP-seq data in various tissues from ENCODE database using Rank Ordering of Super-Enhancers (ROSE) ([@R3]; [@R30]; [@R46]). Through this analysis, we found a total of 78 miRNAs that are located within 50 kb from BAT super-enhancers, and they were defined as BAT super-enhancer-associated miRNAs ([Table S1](#SD1){ref-type="supplementary-material"}). To further identify miRNAs specifically associated with BAT super-enhancers, we ranked these miRNAs by their distance from epididymal WAT (eWAT) super-enhancers, furthest first ([Figure 1A](#F1){ref-type="fig"}). The identification of miR-193b and miR-365-1, the top two hits from our analysis, as well as miR-196a-2 and miR-455 that have previously been shown to play important roles in BAT differentiation or WAT browning ([@R32]; [@R39]; [@R50]), demonstrated the validity of our approach. miR-32, which was shown to play a role in lipid metabolism ([@R38]), ranked the third in our list ([Figure 1A](#F1){ref-type="fig"}), and its gene is located approximately 601 kb away from the nearest eWAT super-enhancer. Hence, it was selected for further studies to examine its role in thermogenesis. As shown in [Figure 1B](#F1){ref-type="fig"}, miR-32 is associated with a BAT-specific super-enhancer, which is not present in other tissues such as eWAT, liver, and kidney. qRT-PCR analysis further confirmed that miR-32 expression was significantly higher in BAT compared to other tissues ([Figure 1C](#F1){ref-type="fig"}). In addition, miR-32 expression in BAT was upregulated by 3-fold after 7 days of cold stimulation ([Figure 1D](#F1){ref-type="fig"}), suggesting that miR-32 may regulate the thermogenic response.

miR-32-ASO Treatment Does Not Lead to Observable Changes in Whole-Body Metabolic Profile, Tissue Morphology, or Gene Expression under Normal Physiological Conditions {#S4}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------

To investigate the role of miR-32 in metabolic regulation, we inhibited miR-32 in vivo via injection of miR-32 anti-sense oligonucleotide (miR-32-ASO). A single 25-mg/kg dose of miR-32-ASO administered via intraperitoneal (i.p.) injection resulted in almost complete inhibition of miR-32 in multiple tissues including BAT, eWAT, liver, iWAT, and skeletal muscle until 7 days post-injection ([Figure S1A](#SD1){ref-type="supplementary-material"}). However, under room temperature (24°C) housing conditions, miR-32 inhibition did not result in significant changes to core body temperature, energy expenditure, food intake, or ambulatory movement ([Figures S1B--S1H](#SD1){ref-type="supplementary-material"}). Furthermore, H&E staining showed that the morphology of the five tissues mentioned above was not significantly different ([Figure S1I](#SD1){ref-type="supplementary-material"}). qRT-PCR analysis of molecular markers of brown adipocytes such as *UCP1*, *PGC1α*, and *Cidea* showed that expression of these genes was not significantly changed in all the tissues examined ([Figures S1J--S1N](#SD1){ref-type="supplementary-material"}). Adipogenic markers such as *Adiponectin* (*AdipoQ*), *PPARγ2*, and all other markers tested also did not show any significant changes in the tissues examined ([Figures S1J--S1N](#SD1){ref-type="supplementary-material"}), suggesting that miR-32 may not play a major role in metabolic homeostasis and BAT function under room temperature housing conditions.

miR-32-ASO-Treated Mice Exhibit Impaired Cold Tolerance and Reduced Energy Expenditure under Cold Stress {#S5}
--------------------------------------------------------------------------------------------------------

Since we observed that miR-32 is upregulated in response to cold stimulation ([Figure 1D](#F1){ref-type="fig"}), we decided to inhibit miR-32 expression and to challenge the mice by placing them at 6°C for 7 days to allow us to examine its effect on both BAT thermogenesis and iWAT browning ([@R23]). As shown above, 7-day cold exposure increased miR-32 expression in BAT significantly ([Figures 1D](#F1){ref-type="fig"} and [2A](#F2){ref-type="fig"}). In addition, miR-32 was also upregulated in eWAT, liver, iWAT, and muscle ([Figure 2A](#F2){ref-type="fig"}). Injection of miR-32-ASO 1 day before commencement of the 7-day cold stimulation period led to almost complete inhibition of miR-32 expression when examined at the end of the 7-day cold challenge ([Figure 2A](#F2){ref-type="fig"}). Mice injected with miR-32-ASO had significantly impaired thermogenic response, and their core body temperatures were significantly lower compared to control-ASO-injected mice as soon as 4 hr after being placed at 6°C ([Figure 2B](#F2){ref-type="fig"}). miR-32-ASO-injected mice also had significantly lower core body temperatures compared to control mice throughout the 7-day cold exposure ([Figure 2B](#F2){ref-type="fig"}). Energy expenditure of miR-32-ASO-injected mice were also significantly lower than control-ASO-injected mice during both light and dark periods, further suggesting a defect in cold-induced thermogenesis ([Figures 2C and 2D](#F2){ref-type="fig"}). However, levels of food intake, ambulatory movement, and total mass at the start and end of cold exposure were similar in the two groups of mice ([Figures S2A--S2E](#SD1){ref-type="supplementary-material"}). Since miR-32 is highly expressed in BAT and is further upregulated when mice are exposed to cold, we postulated that inhibition of miR-32 during cold challenge would have a large impact on BAT thermogenic function. Although H&E staining showed that BAT morphology did not differ significantly between control-ASO- and miR-32-ASO-injected mice ([Figure 2E](#F2){ref-type="fig"}), quantification of the immunostaining against UCP1 revealed that mice injected with miR-32-ASO had significantly lower levels of UCP1 compared to control ([Figures 2E and 2F](#F2){ref-type="fig"}). In addition, qRT-PCR analysis revealed that *UCP1* mRNA levels increased more than 2-fold in response to cold stimulation, and miR-32-ASO-injected mice had lower levels of *UCP1* expression compared to control mice ([Figure 2G](#F2){ref-type="fig"}). Other BAT and mitochondrial markers such as *Cidea*, *Prdm16*, and *Cox8b* were not significantly changed upon miR-32 inhibition ([Figure 2G](#F2){ref-type="fig"}). Since PGC1α and UCP1 are important in the cold-induced thermogenic response, western blot analysis was carried out to determine the levels of these two proteins in BAT. The data show that UCP1 but not PGC1α expression was significantly reduced in miR-32-ASO-injected mice ([Figures 2H and 2I](#F2){ref-type="fig"}). In addition, no significant changes to tissue morphology and thermogenic gene expression were observed in liver, muscle, or eWAT when comparing control-ASO- or miR-32-ASO-injected mice ([Figures S2F--S2I](#SD1){ref-type="supplementary-material"}). These results suggest that miR-32 inhibition impaired cold tolerance through blunted BAT's thermogenic response to cold stimulation and possibly other mechanisms but did not affect liver, eWAT, or skeletal muscle.

Systemic Inhibition of miR-32 Significantly Reduces Beige Cell Emergence in iWAT and Blunts the Expression of Thermogenic Genes in iWAT during Cold Stress {#S6}
----------------------------------------------------------------------------------------------------------------------------------------------------------

Since browning of iWAT has been widely accepted as another important component of thermogenic response to cold stimulation in mice ([@R21]; [@R47], [@R48]), we decided to examine whether miR-32 inhibition affected iWAT browning during cold exposure. H&E staining of iWAT showed that cold exposure for 7 days at 6°C was sufficient to induce significant browning of iWAT as observed by the presence of many multi-locular cells within the tissue ([Figure 2J](#F2){ref-type="fig"}). However, iWAT from mice injected with miR-32-ASO had significantly fewer multi-locular cells ([Figure 2J](#F2){ref-type="fig"}). Immunostaining against UCP1 was performed to positively identify beige cells, and miR-32-ASO-injected mice were found to have significantly fewer UCP1-positive cells ([Figures 2J and 2K](#F2){ref-type="fig"}) as compared with control-ASO mice. qRT-PCR analysis showed that, although common adipogenic marker *PPARγ2* expression did not change in response to cold stimulation, BAT markers such as *Cidea*, *PPARα*, *PGC1α*, and *UCP1* increased significantly when mice were cold stimulated ([Figure 2L](#F2){ref-type="fig"}). Consistent with what was observed in histology, BAT markers were significantly downregulated in miR-32-inhibited mice: *Cidea*, *PPARα*, *PGC1α*, *Dio2*, *Cox8b*, and *UCP1* were all expressed less than half than control-ASO-injected mice after cold exposure ([Figure 2L](#F2){ref-type="fig"}). Western blot analysis further showed that PGC1α and UCP1 protein levels were much lower in iWAT of miR-32-ASO-injected mice ([Figures 2M and 2N](#F2){ref-type="fig"}). All these results suggest that miR-32 and its rise in response to cold stimulation is important for driving the thermogenic response, and inhibition of miR-32 leads to a significant reduction in beige cell emergence within iWAT.

miR-32 Does Not Promote Beige Cell Emergence within iWAT in a Cell-Autonomous Manner {#S7}
------------------------------------------------------------------------------------

Since miR-32 expression increases in iWAT during cold exposure ([Figure 2A](#F2){ref-type="fig"}) and systemic inhibition of miR-32, including in iWAT, led to reduced beige cell emergence in iWAT ([Figures 2J and 2K](#F2){ref-type="fig"}), we hypothesized that miR-32 may directly promote beige cell emergence within iWAT. To test this hypothesis, we performed bilateral injection of control-ASO and miR-32-ASO into the left and right iWAT depots of mice, respectively ([@R27]), and then placed them under cold exposure. Comparing miR-32 expression between right and left iWAT depots showed robust inhibition of miR-32 in the miR-32-ASO-injected depot 7 days after injection, whereas miR-32 levels in both skeletal muscle depots near the injection site remained comparable, suggesting that iWAT-specific miR-32 inhibition was achieved ([Figure S3A](#SD1){ref-type="supplementary-material"}). However, iWAT-specific inhibition of miR-32 did not lead to a significant reduction in beige cell emergence within the iWAT depot as indicated by expression of UCP1 and PGC1α ([Figures S3B--S3D](#SD1){ref-type="supplementary-material"}). Moreover, when the expression level of miR-32 was modulated in iWAT stromal vascular fraction (SVF) cells by miR-32-ASO or miR-32 mimic treatment ([Figure S5A](#SD1){ref-type="supplementary-material"}), the expression of brown selective genes such as *UCP1*, *PGC1α*, and *FGF21* did not change significantly ([Figures S5E and S5G](#SD1){ref-type="supplementary-material"}). These results further suggested that miR-32 does not promote the browning of primary iWAT adipocytes in a cell-autonomous manner. In addition, we also evaluated the effects of miR-32 on general adipogenesis of iWAT SVF cells using oil red O staining. As shown in [Figure S5C](#SD1){ref-type="supplementary-material"}, miR-32 inhibition or overexpression did not exert observable effects on lipid accumulation in iWAT SVF cells after differentiation. In parallel, adipogenic markers such as PPARγ and FABP4 were also unaffected by miR-32 modulation ([Figures S5E and S5G](#SD1){ref-type="supplementary-material"}). SLC45A3, a gene previously shown to be a target for miR-32 in oligodendrocytes ([@R38]), was not affected by either miR-32 inhibition or overexpression at both the mRNA and protein levels in iWAT SVF cells ([Figures S5E and S5G](#SD1){ref-type="supplementary-material"}). In summary, the data suggest that miR-32 does not promote beige cell emergence in a cell-autonomous manner but perhaps through a long-range effect.

miR-32-ASO Treatment Inhibits FGF21 Expression in BAT, Leading to Reduced Serum FGF21 Levels {#S8}
--------------------------------------------------------------------------------------------

Although miR-32 was inhibited in multiple tissues ([Figure 2A](#F2){ref-type="fig"}), we hypothesized that its inhibition in BAT, where miR-32 expression is the highest during cold stimulation, may play a major role in suppressing beige cell emergence in iWAT ([Figures 2J and 2K](#F2){ref-type="fig"}) and also lowering expression of thermogenic genes in BAT and iWAT ([Figures 2G--2I and 2L--2N](#F2){ref-type="fig"}). In order for such long-range effects to occur, we postulated that increased miR-32 expression within BAT may promote the secretion of browning factors from BAT into the blood where it can have endocrine signaling effects ([@R45]). In recent years, FGF21 has emerged as an important browning factor secreted by BAT and other tissues that has pleotropic effects on multiple tissues including browning of iWAT ([@R6]; [@R9]; [@R14]; [@R35]). Hence, we performed ELISAs to examine serum levels of FGF21 in order to determine whether miR-32 may indeed regulate serum FGF21 levels. Serum FGF21 levels rose nearly 2-fold in response to cold exposure, but mice treated with miR-32-ASO had significantly lower levels of serum FGF21 ([Figure 3A](#F3){ref-type="fig"}). Although liver has been shown to be a major source of FGF21 at normal physiological conditions, BAT upregulates FGF21 production and secretion to contribute significantly to serum FGF21 levels during cold exposure ([@R14]; [@R45]). qRT-PCR data also confirmed the findings from previous studies with BAT replacing liver as the major source of FGF21 during cold exposure ([Figure 3B](#F3){ref-type="fig"}). Expression of *FGF21* increased by 4-fold in BAT while liver FGF21 expression decreased by more than 6-fold in response to cold stimulation ([Figure 3B](#F3){ref-type="fig"}). Other peripheral tissues such as muscle, eWAT, and iWAT were observed to have significantly lower *FGF21* expression compared to liver and BAT ([Figure 3B](#F3){ref-type="fig"}). Immunostaining further confirmed the trend of *FGF21* expression we observed using qRT-PCR ([Figures 3C--3E](#F3){ref-type="fig"}). FGF21 immunostaining showed that liver had much higher FGF21 expression at room temperature, but this was reversed when mice were placed at 6°C for 7 days ([Figures 3C--3E](#F3){ref-type="fig"}). More importantly, mice injected with miR-32-ASO failed to upregulate FGF21 expression in BAT even though liver FGF21 expression has decreased, thus contributing to lower serum FGF21 levels ([Figures 3A and 3C--3E](#F3){ref-type="fig"}). FGF21 levels in eWAT and muscle remained largely unchanged, although iWAT had increased FGF21 expression due to emergence of beige adipocytes ([Figure S3E](#SD1){ref-type="supplementary-material"}). However, FGF21 expression in iWAT was not observed to be significantly lower in mice with iWAT-specific or systemic miR-32 inhibition ([Figures 3B](#F3){ref-type="fig"} and [S3B--S3E](#SD1){ref-type="supplementary-material"}). Western blots performed to examine FGF21 protein levels in BAT and liver showed that BAT FGF21 expression was significantly increased during cold exposure and that miR-32-ASO-injected mice had 5-fold lower FGF21 protein expression ([Figures 3F and 3H](#F3){ref-type="fig"}). Liver FGF21 decreased significantly in response to cold stimulation for both control-ASO- and miR-32-ASO-injected mice ([Figures 3G and 3H](#F3){ref-type="fig"}). Using the brown preadipocyte cell line WT-1, transfections with either miR-32 mimic or miR-32-ASO were able to efficiently modulate miR-32 levels ([Figures S4A and S4B](#SD1){ref-type="supplementary-material"}) and increase or decrease FGF21 expression at both the mRNA and protein levels, respectively ([Figures 3I and 3J](#F3){ref-type="fig"}). These results strongly suggest that miR-32 functions as an important driver of FGF21 expression in BAT during cold exposure in a cell-autonomous manner, and this could increase serum FGF21 levels and promote beige cell emergence in iWAT.

Tob1 Is a Target Gene of miR-32 {#S9}
-------------------------------

miRNAs typically function via inhibition of one or multiple target genes ([@R26]; [@R36]). Thus, it is likely that the rise in miR-32 levels during cold stimulation is for repressing the expression of a target gene that is itself repressing FGF21 expression. In silico prediction ([@R31]) identified multiple hits for miR-32, and *Tob1*, a well-known tumor suppressor ([@R12]; [@R19]; [@R24]), was selected as a potential target gene. This was due to Tob1's ability to repress the p38/MAPK pathway, which is highly activated during cold exposure and can regulate the expression of multiple thermogenic genes including FGF21 ([@R16]; [@R40]). *Tob1* was the 11^th^ top hit using in silico prediction software DIANA-microT-CDS ([@R31]) with a high mirSVR score of −1.3394 ([Figure 4A](#F4){ref-type="fig"}). The program identified a highly probable miR-32 binding site within the 3′ UTR of *Tob1* gene, which was also highly conserved in mammals from mice to humans ([Figures 4A and 4B](#F4){ref-type="fig"}). We found that *Tob1* mRNA and protein levels decreased or increased in response to transfection of miR-32 mimic or inhibitor in WT-1 cells, respectively ([Figures 4C and 4D](#F4){ref-type="fig"}). Furthermore, transfection of miR-32 mimic or inhibitor led to a corresponding decrease or increase in the activity of a luciferase reporter gene linked to the 3′ UTR of mouse *Tob1* gene ([Figures 4E and 4F](#F4){ref-type="fig"}). Moreover, we showed that the *Tob1* 3′ UTR sequence complimentary to the miR-32 seed sequence was crucial for targeting by miR-32 as mutation of the target sequence in *Tob1* 3′ UTR abolished the effects of miR-32 mimic and inhibitor on the luciferase activity ([Figures 4G and 4H](#F4){ref-type="fig"}). In summary, these findings suggest that *Tob1* is a direct target of miR-32.

miR-32 Promotes FGF21 Expression by Repressing Tob1, Thereby Activating p38/MAPK and ATF2 In Vitro and In Vivo in BAT {#S10}
---------------------------------------------------------------------------------------------------------------------

Tob1's ability to repress the p38/MAPK pathway ([@R40]) suggests that the rise of miR-32 during cold stimulation may serve to activate the thermogenic genes downstream of p38/MAPK. Previous studies have identified ATF2 as an essential component of the signaling cascade downstream of p38/MAPK ([@R5]; [@R14]). These studies showed that ATF2 can bind to and promote the expression of thermogenic genes such as *UCP1*, *PGC1α*, and most importantly *FGF21* ([@R5]; [@R14]) when activated by phosphorylation. We have shown that in WT-1 cells, overexpression or inhibition of miR-32 led to increased or decreased FGF21 expression, respectively ([Figures 3I and 3J](#F3){ref-type="fig"}). Subsequently, we examined the expression of *PGC1α* and *UCP1* in miR-32-ASO-transfected WT-1 cells. We found miR-32-ASO-treated cells have significantly lower expression of both genes ([Figures S4D and S4E](#SD1){ref-type="supplementary-material"}). Luciferase assays further showed that miR-32 overexpression or inhibition led to a significant increase or decrease in the activity of a luciferase reporter gene downstream of the *FGF21* promoter, respectively ([Figures S4F and S4G](#SD1){ref-type="supplementary-material"}). A rescue experiment where *Tob1* was knocked down using small interfering RNA (siRNA) against *Tob1* (siTob1) after miR-32 was inhibited further showed that miR-32′s effect on *FGF21* expression was mainly mediated through Tob1 ([Figures S4C and S4H](#SD1){ref-type="supplementary-material"}). In line with previous studies ([@R14]; [@R37]), we performed reporter-gene assays comprising either the *UCP1* enhancer or *PGC1α* promoter inserted upstream of a luciferase gene. Our data also showed that miR-32 overexpression or inhibition increased or decreased the luciferase activity, respectively ([Figures S4I--S4L](#SD1){ref-type="supplementary-material"}). These results suggest that the effects of miR-32 on promoting *PGC1α*, *UCP1*, and *FGF21* expression are likely mediated through direct binding of activated ATF2 to the corresponding enhancer and promoter of these genes.

To further confirm that miR-32 acts through *Tob1* to drive endogenous *FGF21* gene expression, a rescue experiment was conducted whereby *Tob1* was knocked down using siTob1 after miR-32-ASO treatment. miR-32-ASO mediated an increase in *Tob1* mRNA, and protein expression was successfully blunted by siTob1 ([Figures 4I and 4J](#F4){ref-type="fig"}). Knockdown of *Tob1* also rescued the decrease in *FGF21* expression observed during miR-32 inhibition ([Figures 3I, 3J](#F3){ref-type="fig"}, [4I, and 4J](#F4){ref-type="fig"}). *Tob1* knockdown also reversed the inhibition on p38/MAPK signaling, and cells treated with siTob1 had increased phosphorylated-p38 and phosphorylated-ATF2 ([Figure 4J](#F4){ref-type="fig"}). To validate our observations in WT-1 cells, we used primary brown adipocytes (BAT SVF cells). When miR-32 was modulated by its ASO or mimic treatment ([Figure S5B](#SD1){ref-type="supplementary-material"}), the expression of brown selective genes such as *UCP1*, *PGC1α*, and *FGF21* were significantly affected ([Figures S5F and S5H](#SD1){ref-type="supplementary-material"}). Using western blotting, we found the inhibition of miR-32 led to increased expression of its target gene Tob1, the suppression of p38/MAPK signaling as manifested by the decreased phosphorylation of p38 and ATF2, and reduced levels of UCP1, PGC1α, and FGF21 ([Figures S5F and S5H](#SD1){ref-type="supplementary-material"}). On the other hand, the overexpression of miR-32 led to the opposite effects as compared to the effects of miR-32 inhibition in BAT SVF cells. Again, these effects are independent of the general adipogenesis process ([Figure S5D](#SD1){ref-type="supplementary-material"}) or SLC45A3 expression ([Figures S5F and S5H](#SD1){ref-type="supplementary-material"}) as no obvious changes were observed in BAT SVF cells. To examine the effects of miR-32 upon β-adrenergic stimulation, we evaluated the expression of brown selective genes *UCP1*, *PGC1α*, and *FGF21* after norepinephrine (NE) treatment in BAT SVF cells. We found that the significant upregulation of these brown genes was blunted by miR-32 inhibition, while miR-32 overexpression only modestly upregulated the significantly increased expression of *UCP1*, *PGC1α*, and *FGF21* after NE treatment ([Figure S5I](#SD1){ref-type="supplementary-material"}). Subsequently, western blot and qRT-PCR were performed on miR-32-ASO-treated mice to confirm the results observed in vitro. Tob1 expression in BAT was indeed lower when mice were cold stimulated and miR-32-ASO prevented this decrease in Tob1 levels, further confirming *Tob1* as a direct target of miR-32 in vivo ([Figures 4K](#F4){ref-type="fig"}--[4M](#F4){ref-type="fig"}). Furthermore, phosphorylated-p38 and phosphorylated-ATF2 levels were also decreased in miR-32-ASO-treated mice compared to control-ASO mice that had increased p38/MAPK signaling during cold exposure, suggesting that failure to downregulate Tob1 led to decreased p38/MAPK signaling ([Figures 4L and 4M](#F4){ref-type="fig"}). This inhibition of p38/MAPK signaling by miR-32 inhibition led to reduced FGF21 expression in and secretion from BAT ([Figures 3B--3D and 3F](#F3){ref-type="fig"}), leading to reduced serum FGF21 levels ([Figure 3A](#F3){ref-type="fig"}) and reduced iWAT browning ([Figures 2J and 2K](#F2){ref-type="fig"}). A cold-exposure time course was also performed to further understand the relationship between miR-32, Tob1, and FGF21 expression in BAT as well as UCP1 expression in BAT and iWAT ([Figures 4N](#F4){ref-type="fig"}--[4Q](#F4){ref-type="fig"}). As expected, miR-32 levels are inversely correlated with Tob1 mRNA and protein levels ([Figures 4N and 4P](#F4){ref-type="fig"}), further suggesting that Tob1 is directly repressed by miR-32. Similarly, FGF21 and UCP1 expression in BAT increases as soon as 6 hr after cold exposure ([Figures 4O and 4P](#F4){ref-type="fig"}), which precedes the increase of UCP1 in iWAT ([Figures 4P and 4Q](#F4){ref-type="fig"}). These results support our hypothesis that miR-32 drives expression of FGF21 from BAT as soon as 6 hr after cold exposure, leading to beige cell emergence in iWAT a few days later as shown by UCP1 expression ([Figures 4N](#F4){ref-type="fig"}--[4Q](#F4){ref-type="fig"}).

BAT-Specific Inhibition of miR-32 Reduces BAT Thermogenic Activity, BAT Mass, and FGF21 Expression in BAT, Resulting in Impaired Beige Cell Recruitment in iWAT {#S11}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

BAT-specific inhibition of miR-32 was performed ([@R27]) in order to determine whether miR-32 exerts its effects on BAT thermogenesis and beige cell emergence mainly through its action in BAT during cold exposure. Injection of miR-32-ASO directly into BAT led to robust, tissue-specific inhibition of miR-32 in BAT without affecting liver miR-32 expression ([Figure 5A](#F5){ref-type="fig"}). Mice with BAT-specific miR-32 inhibition (miR-32-ASO-BS) also showed significantly impaired thermogenic response, and their core body temperatures were significantly lower compared to control-ASO-injected mice (control-ASO-BS) as soon as 4 hr after being placed at 6°C and throughout the 7-day cold exposure ([Figure 5B](#F5){ref-type="fig"}). Energy expenditure of miR-32-ASO-BS mice was significantly lower than control-ASO-BS mice during both light and dark periods, further suggesting impairment in cold-induced thermogenesis ([Figures 5C and 5D](#F5){ref-type="fig"}). BAT tissue mass was also significantly lower in miR-32-ASO-BS mice ([Figure 5E](#F5){ref-type="fig"}), suggesting that miR-32 inhibition led to a reduction in cold-induced BAT mass expansion. However, levels of food intake and ambulatory movement were similar in the two groups of mice ([Figures S6A--S6D](#SD1){ref-type="supplementary-material"}). As predicted, miR-32-ASO-BS mice had increased Tob1 expression, repressed p38/MAPK signaling, and reduced expression of brown markers such as UCP1, PGC1α, and PPARα as well as FGF21 in BAT ([Figures 5F](#F5){ref-type="fig"}--[5H](#F5){ref-type="fig"}), although protein concentration per milligram of BAT tissue remained unchanged ([Figure S6E](#SD1){ref-type="supplementary-material"}). miR-32-ASO-BS mice also had reduced FGF21 serum levels ([Figure 5I](#F5){ref-type="fig"}) derived from reduced FGF21 production in BAT ([Figures 5F](#F5){ref-type="fig"}--[5H](#F5){ref-type="fig"}), leading to reduced browning of iWAT as shown by reduced expression of brown markers such as UCP1, PGC1α, PPARα, and Cidea ([Figures 5J](#F5){ref-type="fig"}--[5L](#F5){ref-type="fig"}). These results demonstrate that miR-32 expression within BAT is required for cold-induced BAT thermogenesis, beige cell emergence, and the expression of UCP1, PGC1α, and FGF21.

BAT-Specific Overexpression of miR-32 Increases BAT Thermogenic Activity, BAT Mass, and FGF21 Expression in BAT, Leading to Enhanced Beige Cell Emergence in iWAT {#S12}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

To determine whether increased miR-32 within BAT would lead to increased thermogenic activity and beige cell emergence, BAT-specific overexpression of miR-32 was performed. Injecting miR-32-expressing adeno-associated virus (miR-32-AAV) with adipose-specific capsid protein directly into BAT ([@R27]) led to robust, tissue-specific increase in miR-32 expression in BAT of up to 40-fold without affecting liver or iWAT miR-32 expression ([Figure 6A](#F6){ref-type="fig"}). Mice that have undergone BAT-specific injection of miR-32-AAV (miR-32-AAV-BS) showed increased thermogenic response, and their core body temperatures were significantly higher compared to control-AAV-injected mice (control-AAV-BS) as soon as 4 hr after being placed at 6°C and throughout the 7-day cold exposure ([Figure 6B](#F6){ref-type="fig"}). Energy expenditure of miR-32-AAV-BS mice were also significantly higher than control-AAV-BS mice during both light and dark periods, further suggesting a robust activation in cold-induced thermogenesis above normal levels ([Figures 6C and 6D](#F6){ref-type="fig"}). BAT tissue mass was also significantly higher in miR-32-AAV-BS mice ([Figure 6E](#F6){ref-type="fig"}), therefore suggesting that miR-32 promotes cold-induced BAT mass expansion. However, levels of food intake and ambulatory movement were similar in the two groups of mice ([Figures S6F--S6I](#SD1){ref-type="supplementary-material"}). As predicted, miR-32-AAV-BS mice had reduced Tob1 expression, activated p38/MAPK signaling, and increased expression of brown markers such as UCP1, PGC1α, and PPARα as well as FGF21 in BAT ([Figures 6F](#F6){ref-type="fig"}--[6H](#F6){ref-type="fig"}), although protein concentration per milligram of BAT tissue remained unchanged ([Figure S6J](#SD1){ref-type="supplementary-material"}). miR-32-AAV-BS mice also had increased FGF21 serum levels ([Figure 6I](#F6){ref-type="fig"}), leading to enhanced browning of iWAT as shown by significantly upregulated expression of brown markers such as UCP1, PGC1α, PPARα, and Cidea ([Figures 6J](#F6){ref-type="fig"}--[6L](#F6){ref-type="fig"}). These results demonstrate that increasing miR-32 within BAT can drive cold-induced thermogenesis by increasing the expression of UCP1, PGC1α, PPARα, and other thermogenic genes as well as promote beige cell emergence by increasing serum FGF21 levels.

BAT-Specific Ablation of FGF21 Significantly Reduces the Increased BAT Thermogenic Activity, BAT Mass, and Beige Cell Emergence in iWAT Observed from BAT-Specific miR-32 Overexpression {#S13}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To determine whether FGF21 is responsible for the increased BAT thermogenic activity and beige cell emergence seen during BAT-specific miR-32 overexpression, BAT-specific ablation of FGF21 was performed together with BAT-specific miR-32 over-expression. This was achieved by co-injecting AAV-expressing Cre recombinase together with AAV-overexpressing miR-32 directly into BAT of FGF21 floxed mice. Co-injecting Cre-expressing adeno-associated virus led to robust, tissue-specific ablation of FGF21 in BAT of FGF21 floxed mice withouta affecting liver or iWAT FGF21 expression ([Figures 7A](#F7){ref-type="fig"}--[7C](#F7){ref-type="fig"}). BAT-specific ablation of FGF21 also led to reduced serum FGF21 levels ([Figure 7D](#F7){ref-type="fig"}). miR-32-overexpressing mice that had undergone BAT-specific ablation of FGF21 (miR-32-AAV-BS+Cre) showed reduced thermogenic response, and their core body temperatures were only significantly higher during the first 48 hr of cold exposure compared to control mice that had also undergone BAT-specific FGF21 ablation (control-AAV-BS+Cre) ([Figure 7E](#F7){ref-type="fig"}). Energy expenditure of control-AAV-BS+Cre and miR-32-AAV-BS+Cre mice were also similar during both light and dark periods, further suggesting BAT-specific FGF21 ablation reduced the thermogenic effects of BAT-specific miR-32 overexpression ([Figures 7F and 7G](#F7){ref-type="fig"}). BAT tissue mass was still slightly higher in miR-32-AAV-BS+Cre mice although not significantly ([Figure 7H](#F7){ref-type="fig"}), therefore suggesting that miR-32-mediated BAT mass expansion during cold exposure is partially dependent on FGF21, although multiple other factors may also play a role. Similar to previous experiments, levels of food intake and ambulatory movement between the two groups of mice were not different ([Figures S7B--S7E](#SD1){ref-type="supplementary-material"}). As predicted, miR-32-AAV-BS+Cre mice had reduced Tob1 expression due to increased miR-32 expression ([Figures 7I](#F7){ref-type="fig"} and [S7A](#SD1){ref-type="supplementary-material"}). However, BAT-specific ablation of FGF21 led to similar expression of brown markers between the two groups of mice with the exception of UCP1 and PGC1α, which were still significantly higher, suggesting that FGF21 secreted from BAT is partially responsible for the increased expression of thermogenic genes such as UCP1 and PGC1α ([Figures 7I](#F7){ref-type="fig"}--[7K](#F7){ref-type="fig"}). Protein concentration per milligram of BAT tissue remained similar between the two groups of mice ([Figure S7F](#SD1){ref-type="supplementary-material"}). Increased browning of iWAT due to BAT-specific miR-32 overexpression ([Figures 6J](#F6){ref-type="fig"}--[6L](#F6){ref-type="fig"}) was severely blunted by BAT-specific ablation of FGF21 as demonstrated by diminished upregulation of brown markers such as UCP1, PGC1α, PPARα, and Cidea ([Figures 7L](#F7){ref-type="fig"}--[7N](#F7){ref-type="fig"}). These results demonstrate that BAT-mediated FGF21 expression and secretion are partially responsible for the effects of BAT-specific miR-32 overexpression such as the increased expression of thermogenic genes including *UCP1*, *PGC1α*, and *FGF21* within BAT and increased beige cell emergence in iWAT. Taken together, our study shows that, during cold stimulation, increased miR-32 expression within BAT represses *Tob1* expression to activate p38/MAPK signaling and drive the expression of thermogenic genes and secretion of FGF21; FGF21 secreted from BAT can function in a paracrine fashion to promote further thermogenic gene expression and increased BAT mass as well as function in an endocrine fashion to promote browning of iWAT ([Figure 7O](#F7){ref-type="fig"}).

DISCUSSION {#S14}
==========

In recent years, microRNAs have emerged as a safe and efficacious therapeutic reagent that are currently being tested in clinical trials against a myriad of diseases ([@R43]). microRNAs that selectively promote energy expenditure through BAT thermogenesis or browning of iWAT are of significant interest as potential therapeutics for anti-obesity treatments due to BAT and beige fat's ability to metabolize vast amounts of glucose and lipids in proportion to their tissue mass ([@R2]; [@R10]). We identified and characterized miR-32 as a BAT-selective miRNA that plays a critical role in regulating cold tolerance and energy expenditure.

FGF21, an important endocrine and paracrine signaling molecule, is normally produced by the liver and acts as a metabolic regulator that controls ketogenesis, insulin sensitivity, and glucose homeostasis ([@R14]; [@R15]; [@R33]; [@R35]). However, we and others show that during cold-induced thermogenesis, the β-adrenergic pathway is stimulated causing BAT to significantly upregulate and secrete FGF21 into systemic circulation ([@R6]; [@R9]; [@R14]; [@R20]). Meanwhile, we and others also show that liver FGF21 expression is significantly reduced, making BAT the main source of FGF21 production ([@R9]; [@R14]) under cold stress. In BAT, stimulation of the β-adrenergic receptors activates the p38/MAPK pathway, leading to ATF2 phosphorylation and binding to the *FGF21* promoter driving its expression ([@R5]; [@R14]). FGF21 is purported to induce mitochondrial uncoupling respiration and glucose oxidation ([@R6]; [@R35]), thereby producing more heat. More importantly, our results show that BAT-derived FGF21 can promote browning of iWAT and enhance BAT thermogenesis during cold exposure similar to other studies ([@R6]; [@R9]; [@R15]; [@R20]). Our study in which BAT-specific ablation of FGF21 was performed uniquely shows that BAT is both a main source and target of FGF21 during cold-induced thermogenesis complementing previous studies ([@R9]; [@R14]). Our results further suggest that upregulation of serum FGF21 levels caused by increased FGF21 secretion from BAT as a result of cold stimulation could lead to increased thermogenic gene expression, total energy expenditure, and beige cell emergence within iWAT, thus highlighting BAT-derived FGF21's therapeutic potential against obesity and other metabolic diseases.

Our findings show that miR-32 differs from previously identified miRNAs ([@R32]; [@R39]; [@R41]; [@R42]; [@R49]). miR-193-365, miR-133, miR-155, and miR-196a all act in *cis* by promoting drivers or inhibiting repressors of BAT differentiation. miR-32 not only acts in *cis* to promote BAT thermogenesis and BAT mass, but can also act in *trans* to promote FGF21 secretion from BAT, leading to further endocrine effects such as browning of iWAT, although it is not capable of directly driving beige cell emergence cell autonomously. Furthermore, miR-32 is able to directly activate the BAT thermogenic program by repressing Tob1 and activating p38/MAPK signaling, leading to upregulation of thermogenic markers such as *PGC1α* and *UCP1*, which may partially explain why its inhibition led to impaired core-body-temperature regulation and reduced energy expenditure. miR-32's proximal location to a BAT-specific super-enhancer, high expression, and further upregulation during cold exposure within BAT to repress its target gene *Tob1* imply that both miR-32 and Tob1 might be part of a highly conserved regulatory network crucial to thermogenesis and lipid metabolism, which warrants further investigation. Future studies on upstream regulation of miR-32 expression by the proximal super-enhancer, other regulatory elements, and transcription factors may allow us to further our understanding about thermogenic gene regulation. Our data on BAT-specific miR-32 overexpression leading to increased thermogenesis and energy expenditure strongly suggest that using miR-32 mimetics or Tob1 inhibitors as therapeutic reagents against obesity and other metabolic diseases should be further explored ([@R15]; [@R33]; [@R35]). In summary, our study demonstrates the importance of the miR-32-*Tob1*-*FGF21* pathway in regulating BAT/beige adipocyte function and development, which can be exploited for development of therapeutic agents against obesity and metabolic syndrome.

EXPERIMENTAL PROCEDURES {#S15}
=======================

Cell Culture {#S16}
------------

The brown preadipocyte cell line WT-1 ([@R18]) was used for in vitro experiments. BAT and iWAT SVF cells were prepared as described previously ([@R4]). Inhibition of miR-32 was performed using either 40 or 80 nM of mIRCURY locked nucleic acid (LNA) microRNA Inhibitors (Exiqon). For overexpression studies, either 40 or 80 nM of miRIDIAN microRNA mimics of control or miR-32 (Dharmacon) was used. Knockdown of endogenous *Tob1* was performed using 40 nM of ON-TARGETplus siRNA against *Tob1* from Dharmacon. All experiments were performed thrice.

Transfection upon reaching 70%--80% cell confluency was performed uniformly across all experiments presented 24 hr after seeding cells. Cells were transfected for 24 hr using Lipofectamine 2000, with a 3-hr treatment of NE prior to cell harvest. Addition of NE was to simulate cold conditions.

Control-ASO and miR-32-ASO Generation and Injection {#S17}
---------------------------------------------------

Both anti-sense oligonucleotides were purchased from Exiqon. The sequences of control-ASO and miR-32-ASO are 5′-ACGTCTATACGCCCA-3′ and 5′-TTAGTAATGTGCAAT-3′, respectively. Both oligonucleotides were purified by reverse-phase high-performance liquid chromatography and lyophilized. For i.p. injections, lyophilized oligonucleotides were resuspended in saline to a final concentration of 30 μg/μL. A dose of 25 mg/kg body weight oligonucleotide in a total volume of 100 μL saline was introduced to mice via i.p. injection.

Animal Model {#S18}
------------

Male C57BL6/J mice aged 8--10 weeks were used for in vivo experiments. Mice were divided into three categories: uninjected, wild-type mice housed at room temperature (wild-type), and mice housed at 6°C--7°C over 7 days that were injected intraperitoneally with single-dose (25 mg/kg) control-ASO or miR-32-ASO 24 hr prior to cold exposure. BAT- and iWAT-specific injection of miR-32-ASO (125 μg/kg), miR-32-AAV (1 × 10^8^ viral particles for BAT and 1 × 10^9^ viral particles for iWAT), and CMV-iCre (5 × 10^8^ viral particles) were performed as shown elsewhere ([@R27]). Male FGF21 floxed mice aged 8--10 weeks were obtained from Jackson Laboratory. For all animal experiments, n ≥ 3 mice for each group, and similar results were observed from at least three independent experiments. Upon the start of the cold experiment, mice were singly housed and kept on normal chow diet. All procedures involving mice were performed according to an approved protocol (IACUC\#130838) from the Institutional Animal Care and Use Committee of A\*STAR.

Indirect Calorimetry and Core-Body-Temperature Measurement {#S19}
----------------------------------------------------------

Mice were individually housed and maintained at 24°C under a 12:12-hr light-dark cycle in a 12-cage equal flow Oxymax Comprehensive Lab Animal Monitoring System (CLAMS, Columbus Instruments). Total energy expenditure, physical activity, and food intake were simultaneously measured for each mouse as described elsewhere ([@R22]; [@R29]). The core body temperature was measured at stipulated timings with a probe thermometer (Advance Technology) at a constant depth as described elsewhere ([@R17]).

rAAV and CMV-iCre Vector Construction and Packaging {#S20}
---------------------------------------------------

The recombinant adeno-associated virus (rAAV) plasmid contains a vector expression cassette consisting of the CMV enhancer and chicken β-actin (CBA) promoter, woodchuck post-transcriptional regulatory element (WPRE), and bovine growth hormone (bGH) poly(A) flanked by AAV2 inverted terminal repeats. Transgenes miR-32 (*Mus musculus*) and non-specific control sequence were inserted into the multiple cloning sites between the CBA promoter and WPRE sequence. The engineered hybrid serotype Rec2 vectors were packaged and purified as described elsewhere ([@R27]). CMV-iCre was purchased from Vector Labs and used according to the manufacturer's published protocols.

Dual-Luciferase Assay {#S21}
---------------------

*FGF21* promoter (−1,497 to +5 bp) ([@R1]; [@R14]) and *PGC1α* promoter (−170 to +68 bp) ([@R5]) were amplified from mouse genomic DNA and inserted into the vector pGL3 (Promega). *UCP1* enhancer (−2,530 to −2,310 bp) ([@R5]) was also amplified and inserted into psiCHECK-2 plasmid (Promega). The 3′ UTR region of *Tob1* was amplified from BAT cDNA and inserted into pMIRGLO (Promega). The target sequence of miR-32 within *Tob1* 3′ UTR was mutated from TGTGCAAT to TGT[TACCT]{.ul} by site-directed mutagenesis using Infusion-HD Cloning System from Clontech as per the manufacturer's protocol. WT-1 cells were transfected with 30 ng of plasmid per well (24-well plate) for 24 hr. Dual-Luciferase assay (Promega) was then performed according to the manufacturer's protocol.

RNA Extraction and Real-Time qPCR {#S22}
---------------------------------

For WT-1 cell line, cells were washed twice with PBS and then lysed with 750 μL of Trizol per sample. For tissue samples, chunks of approximately 3 × 3 × 3-mm tissue material were homogenized in 750 μL of Trizol per sample. RNA extraction was then carried out using miRNeasy Mini Kit (QIAGEN) according to the manufacturer's protocol. Reverse transcription was performed using iScript Reverse Transcription Supermix (Bio-Rad) or Exiqon Universal miRNA RT kit according to the manufacturer's protocol. Real-time PCR was performed and analyzed using published protocols ([@R34]). Primer sequences used in this study are shown in [Table S2](#SD1){ref-type="supplementary-material"}.

ELISA {#S23}
-----

Thermo Scientific 96-well, clear, flat-bottom plates (Nunc) were coated overnight at 4°C with a mouse monoclonal anti-FGF21 antibody (MAB25371, R&D Systems) at 1:1,500 dilution in Na~2~CO~3~/NaHCO~3~ buffer at pH 9.6. After washing plates twice with PBS, 1% BSA in PBS was used to block the plate for 1 hr at 4°C. Upon decanting the blocking buffer, 10 μL of rabbit anti-FGF21 antibody (ab64857, Abcam), 10 μL of blood serum diluted 10-fold in PBS, and 30 μL of 1% BSA in PBS were added to each well. This was incubated at room temperature for 2.5 hr. Each sample was triplicated. After incubation, wells were washed twice with PBS plus 0.1% Tween 20 and 1 M NaCl, twice with PBS plus 0.1% Tween 20 (phosphate buffered saline tween-20 \[PBST\]), and twice again with PBS. Secondary antibody anti-rabbit horseradish peroxidase (HRP) was added at 1:2,000 dilution and incubated for 30 min at room temperature. Wells were next washed thrice with PBST and thrice with deionized water. O-phenylenediamine dihydrochloride (OPD) tablets from Life Technologies were dissolved in equal parts of Life Technologies' Stable Peroxide Substrate Buffer and Milli-Q water. 100 μL of the OPD mixture was added into each well to produce a colorimetric reaction. This reaction was quenched after 3- to 5-min incubation at room temperature using 5% sulfuric acid. Absorbance levels of each well was read at 492 nm using Bio-Rad xMark Microplate Spectrophotometer.

H&E and Immunostaining {#S24}
----------------------

Paraffin-embedded tissue samples were sectioned and stained using H&E or immunohistochemistry (IHC) kit (Abcam ab80437) as per the manufacturer's instructions. For immunostaining, the rabbit anti-UCP1 (ab10983, Abcam) and rabbit anti-FGF21 (ab64857, Abcam) were used at 1:100 dilutions. Antigen retrieval was performed by placing slides in 95°C citrate buffer (pH 6) for 10 min. IHC was performed using Expose Kit (Abcam) according to the manufacturer's protocol. Quantification of IHC-stained images (three to five images per group were used) were performed as previously shown using IHC profiler Plugin for ImageJ software ([@R44]).

Western Blots {#S25}
-------------

Western blots were performed for both cell-culture and tissue samples. For WT-1 cells, cells were lysed in radioimmunoprecipitation assay (RIPA) buffer for 30 min while shaking at approximately 300 rpm. The snap-frozen tissue samples were homogenized in TLC-γ buffer (50 mM HEPES \[pH 7.5\], 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM EGTA, and Complete Protease Inhibitor Cocktail \[Roche Applied Science\]). After homogenization, tissue extracts were centrifuged at 14,000 × *g* at 4°C, and the supernatants were collected and sonicated. Protein concentration was quantified using Bradford Reagent (Bio-Rad) according to the manufacturer's protocol. 20 μg protein per well was loaded on 4%--12% SDS-PAGE gradient gels (Life Tech). After electrophoresis, gels were electro-transferred onto nitrocellulose membranes (Bio-Rad). Membranes were blocked with 5% skim milk in Tris-buffered saline with 0.1% Tween 20 (Sigma-Aldrich; TBST) and incubated with primary antibodies in 5% skim milk in TBST overnight at 4°C. In addition to the antibodies listed above, rabbit anti-PGC1α (ab106814, Abcam), rabbit anti-Tob1 (ab48826, Abcam), rabbit anti-phospho-p38 (\#4511, Cell Signaling Technology), rabbit anti-p38 (\#8690, Cell Signaling Technology), rabbit anti-phospho-ATF2 (\#9221, Cell Signaling Technology), rabbit anti-ATF2 (\#9226, Cell Signaling Technology), rabbit anti-PPARγ (\#2443, Cell Signaling Technology), mouse anti-SLC45A3 (sc-393069, Santa Cruz Biotechnology), and rabbit anti-Calnexin (H-70, Santa Cruz Biotechnology) antibodies were used (all at 1:1,000 dilution). After three washes with TBST, membranes were incubated with the secondary antibody goat anti-rabbit-HRP (Pierce) at 1:5,000 dilution in 5% skim milk in TBST and developed with ECL or ECLplus Western Chemiluminescent HRP substrate (Pierce). Signal intensities were quantified and normalized to Calnexin using ImageJ.

Oil Red O Staining {#S26}
------------------

Oil red O staining was performed as described previously ([@R4]).

Super-Enhancer Identification and Visualization {#S27}
-----------------------------------------------

Super-enhancers were identified using ROSE: rank ordering of super-enhancer from the Young Lab ([@R13]; [@R46]). The H3K27ac BAM files of embryonic stem cells, mouse embryonic fibroblast (MEF), bone-marrow-derived macrophage, cerebellum, cortex, bone marrow, spleen, testis, placenta, kidney, liver, and BAT were obtained from ENCODE ftp server <ftp://hgdownload.cse.ucsc.edu/goldenPath/mm9/encodeDCC/wgEncodeLicrHistone/>, and GFF files were converted from the corresponding broadpeak files deposited in the server. For C2C12 myotube and epididymal WAT, we downloaded the raw sequencing reads from GEO accession GSM822520 and GSM1561376, respectively. After that, we mapped the reads to mm9 genome using bowtie with parameter (-m 5--best -n 2 -l 28 -B 1 -S -p 7) to generate the BAM files and then ran model-based analysis of ChIP-seq (MACS) using default settings without input (as they are not provided) to generate the enriched peak files. The enriched bed files were then converted to GFF format for use with ROSE. After obtaining the relevant BAM files and GFF files, we proceeded to run ROSE with its default settings to obtain the list of super-enhancers. A cutoff of 50 kb was set to identify microRNAs associated with any BAT super-enhancers. For visualization, BigWig files were generated from the acquired BAM files using makeTagDirectory and makeBigWig.pl from a suite of next-generation sequencing tools provided in HOMER ([@R11]). The Wash U Epigenetics browser ([@R51]) was used to visualize the histone marks and super-enhancers.

Statistics {#S28}
----------

Statistical significance was determined with two-tailed Student's t test. A p value less than 0.05 was considered significant.
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![miR-32 Associates with BAT-Specific Super-Enhancer and Expresses Selectively in BAT in Response to Cold Stress\
(A) miR-32 is the third highest ranked miRNA based on its distance from eWAT super-enhancers among all miRNAs associated with BAT super-enhancers.\
(B) The super-enhancer associated with miR-32 is found only in BAT but not in other tissues or cell lines. Tracks depict H3K27ac ChIP-seq signal used for super-enhancer identification from various tissues and cell lines downloaded from ENCODE as density of mapped reads. Bottom track depicts Ensembl gene annotations. Red bar represents the miR-32-associated super-enhancer in BAT.\
(C) miR-32 is highly expressed in BAT as compared with other mouse tissues (n = 3).\
(D) miR-32 expression is significantly upregulated in BAT after 7 days' cold exposure (n = 5).\
Data represent mean ± SEM. \*p \< 0.05, *\*\**p *\<* 0.01, and *\*\*\**p *\<* 0.001. See also [Table S1](#SD1){ref-type="supplementary-material"}.](nihms908116f1){#F1}

![Inhibition of miR-32 during Cold Exposure Leads to Significantly Lower Core Body Temperature and Reduced Energy Expenditure in Mice as the Result of Reduced Thermogenic Response in BAT and Beige Cell Emergence in iWAT\
(A) Increases of miR-32 expression in BAT, eWAT, liver, iWAT, and skeletal muscle after cold exposure were severely blunted in miR-32-ASO-treated mice (n = 8) compared to control-ASO mice (n = 7).\
(B) miR-32-ASO-treated mice (n = 8) showed lower core body temperatures during cold exposure when compared to control-ASO mice (n = 7).\
(C) Total energy expenditure was significantly reduced after 7 days' cold stress in miR-32-ASO-treated mice (n = 6) as compared with control-ASO mice (n = 6). Energy expenditure was normalized to lean body mass.\
(D) Average total energy expenditure was significantly lower in miR-32-ASO-treated mice (n = 6).\
(E) BAT tissue of mice kept for 7 days at room temperature (n = 5), at 6°C with injection of control-ASO (n = 7) or miR-32-ASO (n = 8) did not show significant differences in H&E staining (top row). But miR-32-ASO-injected mice had lower UCP1 immunostaining as compared with control-ASO mice after cold exposure (bottom row).\
(F) Quantification of UCP1 immunostaining in BAT showed that UCP1 levels were significantly lower in miR-32-ASO-treated mice.\
(G) In BAT, mRNA levels of *UCP1* were slightly but statistically significantly lower in miR-32-ASO-injected mice, whereas other thermogenic and adipogenic genes were expressed at similar levels. Data were normalized to C*yclophilin A* (*PPIA*).\
(H) Protein levels of UCP1 but not PGC1α were lower in BAT from mice injected with miR-32-ASO.\
(I) Quantification of relative protein expression using ImageJ showed that protein levels of UCP1 but not PGC1α were significantly lower in BAT from mice injected with miR-32-ASO. Average intensities were normalized to that of Calnexin.\
(J) H&E (top row) and UCP1 immunostaining (bottom row) of iWAT showed that the cold-induced emergence of multi-locular, UCP1-positive beige adipocytes was significantly impaired in miR-32-ASO-treated mice.\
(K) Quantification of UCP1 immunostaining in iWAT showed that UCP1 levels were significantly lower in miR-32-ASO-treated mice.\
(L) mRNA levels of thermogenic genes in iWAT were significantly reduced in miR-32-ASO-treated mice. Data were normalized to *PPIA*.\
(M) Western blots showed that miR-32-ASO treatment significantly reduced UCP1 and PGC1α protein levels in iWAT.\
(N) Quantification of relative UCP1 and PGC1α protein levels using ImageJ. Average intensities were normalized to that of Calnexin.\
Data represent mean ± SEM. \*p \< 0.05, *\*\**p *\<* 0.01, and *\*\*\**p *\<* 0.001. See also [Figures S1 and S2](#SD1){ref-type="supplementary-material"}.](nihms908116f2){#F2}

![miR-32-ASO-Injected Mice Have Significantly Lower Serum FGF21 Levels due to Failure of FGF21 Upregulation in BAT under Cold Stress\
(A) Cold-induced increase in serum FGF21 levels was blunted by injection of miR-32-ASO as measured by ELISA (n = 7).\
(B) qRT-PCR showed that cold stress decreased FGF21 mRNA expression in liver but increased it in BAT. Injection of miR-32-ASO significantly repressed the increase in FGF21 expression in BAT during cold exposure when normalized to *PPIA*.\
(C) FGF21 immunostaining showed that cold stress decreased FGF21 level in liver but increased it in BAT. Injection of miR-32-ASO significantly repressed the increase in FGF21 expression in BAT during cold exposure.\
(D) Quantification of FGF21 immunostaining in BAT showed that FGF21 levels within BAT increased greatly after cold exposure but were significantly lower in miR-32-ASO-treated mice compared to control-ASO-treated mice.\
(E) Quantification of FGF21 immunostaining in liver showed that FGF21 levels within liver decreased greatly after cold exposure but were similar between miR-32-ASO-treated mice and control-ASO-treated mice.\
(F) Western blot showing cold-induced increases in BAT FGF21 protein levels were blunted by injection of miR-32-ASO. Calnexin served as a loading control.\
(G) Western blot showing cold-induced decreases in liver FGF21 protein levels were unaffected by injection of miR-32-ASO. Calnexin served as a loading control.\
(H) Quantification of the western blot results in (F) and (G) using ImageJ. Average intensities were normalized to that of Calnexin.\
(I) *FGF21* mRNA expression in WT-1 cells increased or decreased when transfected with miR-32 mimic or miR-32-ASO, respectively.\
(J) Western blotting showed that FGF21 protein levels in WT-1 cells increased or decreased when transfected with miR-32 mimic or miR-32-ASO, respectively.\
Data represent mean ± SEM. \*p \< 0.05 and *\*\**p *\<* 0.01. See also [Figure S3](#SD1){ref-type="supplementary-material"}.](nihms908116f3){#F3}

![miR-32 Directly Targets Tob1 to Promote UCP1, PGC1α, and FGF21 Expression in BAT during Cold Stress by Relieving Phospho-P38-Mediated Activation of ATF2 from Suppression by Tob1\
(A) High mirSVR score and favorable binding energy from bioinformatic analysis predicted that miR-32 directly targets the 3′ UTR of *Tob1*.\
(B) The complementary sequence in the *Tob1* 3′ UTR and the seed region of miR-32 (red letters) are conserved among mammalian species.\
(C) *Tob1* mRNA level in WT-1 cells decreased or increased 24 hr after transfection of miR-32 mimic or miR-32-ASO, respectively.\
(D) Tob1 protein level decreased or increased in WT-1 cells when transfected with miR-32 mimic or miR-32-ASO, respectively.\
(E and F) Activities of a luciferase reporter gene linked to the *Tob1* 3′ UTR decreased or increased 24 hr after transfection of miR-32 mimic (E) or miR-32-ASO (F), respectively.\
(G and H) Site-directed mutagenesis of the *Tob1* 3′ UTR sequence complimentary to the miR-32 seed sequence abolished the effects of miR-32 mimic (G) and miR-32-ASO (H) transfection on the luciferase activity.\
(I) Knockdown of Tob1 by siTob1 suppressed the increase in *Tob1* expression and rescued the decrease in *FGF21* expression caused by miR-32-ASO transfection.\
(J) Western blots showed that siTob1 suppressed the increase in Tob1 expression and rescued the decreases of phospho-p38, phospho-ATF2, and FGF21 expression caused by miR-32-ASO transfection. Numbers indicate protein levels quantified using ImageJ relative to control-ASO.\
(K) qRT-PCR showed miR-32-ASO-treated mice failed to fully downregulate *Tob1* level in response to cold stimulation.\
(L) Western blots showed miR-32-ASO-treated mice fail to downregulate Tob1 levels and activate p38 and ATF2 phosphorylation in BAT in response to cold stimulation.\
(M) Quantification of relative protein expression in BAT from the western blots showed in (L) using ImageJ. Average intensities were normalized to that of Calnexin.\
(N) Cold-exposure time course showing miR-32 and *Tob1* expression in BAT at various time points after cold exposure.\
(O) Cold-exposure time course showing *FGF21* expression in BAT at various time points after cold exposure.\
(P) Cold-exposure time course showing Tob1, UCP1, and FGF21 protein expression in BAT at various time points after cold exposure.\
(Q) Cold-exposure time course showing UCP1 protein expression in iWAT at various time points after cold exposure.\
Data represent mean ± SEM. \*p \< 0.05 and *\*\**p *\<* 0.01. See also [Figures S4 and S5](#SD1){ref-type="supplementary-material"}.](nihms908116f4){#F4}

![BAT-Specific Inhibition of miR-32 during Cold Exposure Leads to Significantly Lower Core Body Temperature and Reduced Energy Expenditure in Mice as the Result of Reduced Thermogenic Response in BAT and Beige Cell Emergence in iWAT\
(A) miR-32 expression in BAT but not in liver was blunted in BAT-specific miR-32-ASO-injected mice (n = 8) compared to control-ASO-injected mice (n = 7).\
(B) miR-32-ASO-BS mice (n = 8) showed lower core body temperatures during cold exposure when compared to control-ASO-BS mice (n = 7).\
(C) Total energy expenditure was significantly reduced after 7 days' cold stress in miR-32-ASO-BS mice (n = 6) as compared with control-ASO-BS mice (n = 6). Energy expenditure was normalized to lean body mass.\
(D) Average total energy expenditure was significantly lower in miR-32-ASO-BS mice (n = 6).\
(E) Percentage BAT mass was significantly lower in miR-32-ASO-BS mice (n = 8) compared to control mice (n = 7).\
(F) In BAT, mRNA levels of Tob1 were higher in miR-32-ASO-BS mice (n = 8), whereas expression of thermogenic genes was significantly lower in miR-32-ASO-BS mice.\
(G) Protein levels of Tob1 were higher in miR-32-ASO-BS mice (n = 8) compared to control mice (n = 7). However, p-p38, p-ATF2, FGF21, UCP1, and PGC1α were lower in miR-32-ASO-BS mice (n = 8). Total p38 and total ATF2 expression were not significantly different between the two groups.\
(H) Quantification of relative protein expression using ImageJ showed that protein level of Tob1 was upregulated, but p-p38, p-ATF2, FGF21, UCP1, and PGC1α were significantly lower in BAT of miR-32-ASO-BS mice (n = 8) compared to control mice (n = 7). Total p38 and total ATF2 expression were comparable between the two groups. Average intensities were normalized to that of Calnexin.\
(I) Serum FGF21 levels were decreased in miR-32-ASO-BS mice (n = 8) compared to control mice (n = 7).\
(J) mRNA levels of thermogenic genes in iWAT were significantly reduced in miR-32-ASO-BS mice. Data were normalized to *PPIA*.\
(K) Immunoblots showed that miR-32-ASO-BS mice (n = 8) had significantly reduced UCP1 and PGC1α protein levels in iWAT compared to control-ASO-BS mice (n = 7).\
(L) Quantification of relative UCP1 and PGC1α protein levels using ImageJ. Average intensities were normalized to that of Calnexin.\
Data represent mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, and *\*\*\**p *\<* 0.001. See also [Figure S6](#SD1){ref-type="supplementary-material"}.](nihms908116f5){#F5}

![BAT-Specific Overexpression of miR-32 during Cold Exposure Leads to Significantly Higher Core Body Temperature and Increased Energy Expenditure in Mice as the Result of Increased Thermogenic Response in BAT and Beige Cell Emergence in iWAT\
(A) miR-32 expression in BAT but not in liver or iWAT was increased in miR-32-AAV-BS mice (n = 8) compared to control-AAV-BS mice (n = 7).\
(B) miR-32-AAV-BS mice (n = 8) showed higher core body temperatures during cold exposure when compared to control-AAV-BS mice (n = 7).\
(C) Total energy expenditure was significantly increased after 7 days' cold stress in miR-32-AAV-BS mice (n = 6) as compared with control-AAV-BS mice (n = 6). Energy expenditure was normalized to lean body mass.\
(D) Average total energy expenditure was significantly higher in miR-32-AAV-BS mice (n = 6).\
(E) Percentage BAT mass was significantly higher in miR-32-AAV-BS mice (n = 8) compared to control-AAV-BS mice (n = 7).\
(F) In BAT, mRNA levels of Tob1 were lower in miR-32-AAV-BS mice, whereas expression of thermogenic genes was significantly higher in miR-32-AAV-BS mice.\
(G) Protein levels of Tob1 were lower in miR-32-AAV-BS mice (n = 8) compared to control-AAV-BS mice (n = 7). However, p-p38, p-ATF2, FGF21, UCP1, and PGC1α were higher in miR-32-AAV-BS mice (n = 8). Total p38 and total ATF2 expression were not significantly different between the two groups.\
(H) Quantification of relative protein expression using ImageJ showed that protein level of Tob1 was reduced, but p-p38, p-ATF2, FGF21, UCP1, and PGC1α were significantly higher in BAT of miR-32-AAV-BS mice compared to control. Total p38 and total ATF2 expression were comparable between the two groups. Average intensities were normalized to that of Calnexin.\
(I) Serum FGF21 levels were increased in miR-32-AAV-BS mice (n = 8) compared to control-AAV-BS mice (n = 7).\
(J) mRNA levels of thermogenic genes in iWAT were significantly increased in miR-32-AAV-BS mice. Data were normalized to *PPIA*.\
(K) Immunoblots showed that miR-32-AAV-BS mice (n = 8) had significantly increased UCP1 and PGC1α protein levels in iWAT compared to control-AAV-BS mice (n = 7).\
(L) Quantification of relative UCP1 and PGC1α protein levels using ImageJ. Average intensities were normalized to that of Calnexin.\
Data represent mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, and *\*\*\**p *\<* 0.001. See also [Figure S6](#SD1){ref-type="supplementary-material"}.](nihms908116f6){#F6}

![BAT-Specific Ablation of FGF21 Significantly Reduces the Increased BAT Thermogenic Activity, BAT Mass, and Beige Cell Emergence in iWAT Observed from BAT-Specific miR-32 Overexpression\
(A) *FGF21* mRNA expression in BAT but not in liver or iWAT was ablated in miR-32-AAV-BS+Cre mice (n = 6) and control-AAV-BS+Cre mice (n = 6).\
(B) FGF21 protein expression in BAT but not in liver or iWAT was ablated in miR-32-AAV-BS+Cre mice (n = 6) and control-AAV-BS+Cre mice (n = 6).\
(C) Quantification of relative protein expression using ImageJ showed that protein level of FGF21 in BAT but not in liver or iWAT was ablated in miR-32-AAV-BS+Cre mice (n = 6) and control-AAV-BS+Cre mice (n = 6).\
(D) Serum FGF21 levels were decreased in miR-32-AAV-BS+Cre mice (n = 6) and control-AAV-BS+Cre mice (n = 6) compared to wild-type mice (n = 4).\
(E) miR-32-AAV-BS+Cre mice (n = 6) showed higher core body temperatures only during first 48 hr of cold exposure when compared to control-AAV-BS+Cre mice (n = 6).\
(F) Total energy expenditure was similar after 7 days' cold stress in miR-32-AAV-BS+Cre mice (n = 6) as compared with control-AAV-BS+Cre mice (n = 6). Energy expenditure was normalized to lean body mass.\
(G) Average total energy expenditure was slightly higher in miR-32-AAV-BS+Cre mice (n = 6) than control-AAV-BS+Cre mice (n = 6) but not statistically significant.\
(H) Percentage BAT mass was slightly higher in miR-32-AAV-BS+Cre mice (n = 6) compared to control-AAV-BS+Cre mice (n = 6).\
(I) In BAT, mRNA levels of Tob1 were lower in miR-32-AAV-BS+Cre mice (n = 6) compared to control-AAV-BS+Cre mice (n = 6), whereas expression of several thermogenic genes including UCP1 was higher in miR-32-AAV-BS+Cre mice.\
(J) Protein levels of PGC1α and UCP1 were higher in miR-32-AAV-BS+Cre mice (n = 6) compared to control-AAV-BS+Cre mice (n = 6).\
(K) Quantification of relative protein expression using ImageJ showed that protein levels of PGC1 and UCP1 were higher in miR-32-AAV-BS+Cre mice (n = 6) compared to control-AAV-BS+Cre mice (n = 6). Average intensities were normalized to that of Calnexin.\
(L) mRNA levels of thermogenic genes in iWAT were similar in both groups of mice (both n = 6). Data were normalized to *PPIA*.\
(M) Immunoblots showed that miR-32-AAV-BS+Cre mice (n = 6) had similar UCP1 and PGC1α protein levels in iWAT compared to control-AAV-BS+Cre mice (n = 6).\
(N) Quantification of relative UCP1 and PGC1α protein levels using ImageJ. Average intensities were normalized to that of Calnexin.\
(O) Proposed mechanism by which miR-32 promotes BAT thermogenesis by inhibiting Tob1, activating p38/MAPK signaling and driving UCP1, PGC1α, and FGF21 expression in BAT. The BAT secreted FGF21 functions in a paracrine fashion to promote further thermogenic gene expression in BAT as well as in an endocrine fashion to promote iWAT browning.\
Data represent mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, and *\*\*\**p *\<* 0.001. See also [Figure S7](#SD1){ref-type="supplementary-material"}.](nihms908116f7){#F7}

###### Highlights

-   miR-32 is associated with BAT-specific super-enhancer and is highly expressed in BAT

-   miR-32 is induced by cold, and its inhibition leads to impaired thermogenesis

-   miR-32 directly inhibits Tob1 to activate p38/MAPK signaling to induce FGF21 in BAT

-   miR-32 promotes BAT function and trans-activates white fat browning through FGF21

[^1]: Lead Contact
